Abstract -In this paper, the first fully integrated Optically Locked Voltage Controlled Oscillator (OL-VCO) is reported.
cannot be used where array elements are mobile. In this case, a wireless microwave signal may be used to synchronize the array elements. While wireless synchronization improves the flexibility and reconfigurability of an array, it suffers from the multi-path problem [1] . In a multi-path environment, both the amplitude and phase of the synchronization signal becomes noisy due to the time-varying electromagnetic scattering, which results in a large timing jitter. In order to minimize the multipath effects and reduce the timing jitter, an optical link can be used [2] [3] [4] . Since the optical beam has a very high directivity, the multi-path problem is alleviated and a much cleaner synchronization signal can be recovered. Additionally, due to the negligible coupling between the microwaves and optical waves, the timing jitter of the optical reference remains low. In the prior arts [2] [3] [4] , discrete components and non silicon materials were used to establish a free-space optical synchronization. Unfortunately, these solutions are not compatible with CMOS-based integrated circuits and hence have niche applications.
In this work, for the first time, we report a fully integrated
Optically-Locked Voltage Controlled Oscillator (OL-VCO) that operates based on the concept of spatial injection locking.
The proposed OL-VCO is implemented using a commercial CMOS process technology and can be readily integrated with complex digital circuits. It achieves a picosecond timing jitter at a transmitter-receiver distance of larger than one meter.
This represents more than two orders of magnitude improvement over the prior art [5] .
II. OL-VCO IMPLEMENTATION
In Figure 1 , the schematic of the OL-VCO is presented, which adopts a differential cross-coupled structure. The OL VCO can operate in both locked and free-running modes. In In an LC oscillator with a free-running frequency (00, the oscillation frequency can be locked to (Oin j if a current with frequency (Oin j is injected and (Oin j satisfies
2Q lose where Q is the quality factor of the LC tank. lin j and l ose are the injection current and the transistor current, respectively. (OL is denoted as the locking range [6] . For a given oscillator with fixed l ose, Q and (00, the injection current lin j should be maximized to achieve a larger locking range.
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The implementation of high-speed photodiodes in a conventional CMOS process is a critical part of the design. In the CMOS process used in this work, no dedicated photodiodes are offered by the foundry. Therefore, photodiodes in this work are built using a standard P+/N-well diode offered by the foundry [7] . The polysilicon layer, shown in Figure 1 , is used by the foundry for self-alignment purposes and does not impact the operation of the photodiode. By optimizing the layout of the P+/N-well diode, a SOf.!m by SOf.!m photodiode achieves a 3dB bandwidth of l.8GHz, as shown in Figure 2 .
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, , In addition to converting the optical beam to an electrical current, the photodiodes also behave as the varactors of the OL-VeO to tune the free-running oscillation frequency. At a supply voltage of 1.3V, the free-running oscillation frequency of the OL-VeO can be tuned from 129SMHz to 1381MHz, as shown in Figure 3 . In order to deliver power to a son load, a differential buffer follows the OL-yeo. The power consumption of the OL-veo and its buffer is 26mW.
III. MEASUREMENT
A block diagram of the measurement setup is presented in 
spectrum analyzer BW: 50Hz picosecond timing jitter at a distance larger than 1 meter using a CMOS platform. It extends the 2.5mm distance achieved previously [5] by more than two orders of magnitude.
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, , To complete the measurements, the locking range of the OL-VCO in the locked mode is investigated. As the locking range is proportional to the injection current, the laser power directly influences the locking range. Another factor that impacts the locking range is the reverse bias voltage of the photodiode, which is the difference between the voltage of the tuning and supply nodes. As the reverse bias increases, the optoelectronic conversion efficiency also increases. Therefore, for a given laser power, a larger injection current can be generated. . . 978·1-4799-3869-8/14/$31.00 ®2014 IEEE
IV. CONCLUSION
In this paper, we have presented, for the fIrst time, a fully integrated Optically-Locked VCO (OL-VCO). At a distance of 1.5m, the proposed OL-VCO is synchronized to an RF source with picosecond timing jitter via a free-space optical link. This represents more than two orders of magnitude improvement in distance compared to prior art implemented in CMOS [5] .
